The nucleus accumbens (NAc) is involved in many reward-related behaviors. The NAc has two major components, the core and the shell. These two areas have different inputs and outputs, suggesting that they contribute differentially to goal-directed behaviors. Using a discriminative stimulus (DS) task in rats and inactivating the NAc by blocking excitatory inputs with glutamate antagonists, we dissociated core and shell contributions to task performance. NAc core but not shell inactivation decreased responding to a reward-predictive cue. In contrast, inactivation of either subregion induced a general behavioral disinhibition. This reveals that the NAc actively suppresses actions inappropriate to the DS task. Importantly, selective inactivation of the shell but not core significantly increased responding to the nonrewarded cue. To determine whether the different contributions of the NAc core and shell depend on the information encoded in their constituent neurons, we performed electrophysiological recording in rats performing the DS task. Although there was no firing pattern unique to either core or shell, the reward-predictive cue elicited more frequent and larger magnitude responses in the NAc core than in the shell. Conversely, more NAc shell neurons selectively responded to the nonrewarded stimulus. These quantitative differences might account for the different behavioral patterns that require either core or shell. Neurons with similar firing patterns could also have different effects on behavior due to their distinct projection targets.
Introduction
Nucleus accumbens (NAc) neurons contribute to behaviors elicited by reward-predictive sensory cues (Cardinal et al., 2002; Nicola, 2007; Humphries and Prescott, 2010) . Lesions or pharmacological manipulation of the NAc impair the ability of conditioned stimuli (CS) to promote operant responding for drugs of abuse or natural rewards (Cardinal et al., 2002; Di Ciano et al., 2008; Floresco et al., 2008) . However, reversible inactivation of the NAc failed to reduce cue responding in a discriminative stimulus (DS) task and instead increased unreinforced lever pressing . In contrast to general inactivation of the NAc, blockade of dopamine receptors in the core strongly reduces incentive-cue responding (Ambroggi et al., 2008) , whereas dopamine receptor blockade in the shell has minimal effects on similar behaviors (Nicola, 2010) . This indicates that NAc core and shell have distinct roles in task performance. Indeed, lesions of the core but not shell reduce performance in different incentive-cue responding tasks Ito et al., 2004; Floresco et al., 2008; Chaudhri et al., 2010) . We therefore investigated the differential contribution of NAc core and shell to behaviors in the DS task.
A subpopulation of NAc neurons responds to reward-predictive cues. The magnitude of these responses correlates with both the predictive value of the cue and the action elicited by the cue Taha et al., 2007; Ito and Doya, 2009; Roesch et al., 2009) . Furthermore, inactivating structures that provide afferent input to the NAc, such as the ventral tegmental area (VTA), the basolateral amygdala (BLA), and the dorsal prefrontal cortex (PFC), disrupts both responses in NAc neurons and behaviors elicited by reward-predictive cues Ambroggi et al., 2008; Ishikawa et al., 2008a,b) . These observations strongly support the hypothesis that incentive-cue-elicited firing responses in NAc neurons promote reward-seeking behavior. However, they leave open the question of which neuronal firing patterns normally inhibit reward-seeking actions during intervals when reward is not available.
The differential contribution of the NAc core and the shell to reward-seeking behavior raises the possibility that their constituent neurons encode different information. Consistent with this idea, NAc core and shell receive different afferent projections (Groenewegen et al., 1999) . On the other hand, some brain regions project to both the NAc core and shell (Voorn et al., 2004; Fields et al., 2007; Humphries and Prescott, 2010) . Consequently, NAc core and shell neurons could encode similar information but have different effects on behavior depending on the downstream regions they innervate. Indeed, NAc core and shell project to distinct and almost non-overlapping downstream structures (Groenewegen et al., 1999; Voorn et al., 2004; Nicola, 2007; Humphries and Prescott, 2010; Tripathi et al., 2010) . The difference of outputs raises the possibility that similar information encoded in the NAc core and the shell could play markedly different roles in behavior. To address this issue, we recorded the activity of NAc core and shell neurons during the DS task.
Materials and Methods

Animals
The subjects were male Long-Evans rats (Harlan Sprague Dawley) weighing ϳ350 g on arrival and individually housed on a 12 h light/dark cycle. Experiments were conducted during the dark phase. After receipt, rats were allowed at least 1 week of ad libitum food and water, followed by 1 week of restricted food before training. Throughout all experiments, food restriction was adjusted daily at the end of experimental manipulations to maintain the rats at ϳ90% of their initial body weight. Animal handling and experiments conformed to National Institutes of Health and Ernest Gallo Clinic and Research Center animal care and use policies.
DS task
The behavioral pharmacology study was conducted in standard operant chambers (23.5 ϫ 30.5 cm) and the electrophysiological study was conducted in larger cages (40.6 ϫ 40.6 cm). All cages contained two retractable levers located on one wall of the chamber (one on each side of a reward receptacle), two house lights, a white noise speaker, and a tone speaker (Med Associates). Liquid sucrose reward was delivered into a well in the reward receptacle by a syringe pump. The DS task structure was similar to our previous experiments Yun et al., 2004a,b) . Rats were run daily on the DS task for 1 or 2 h (for behavioral and electrophysiological studies, respectively). Two tones, the DS and the nonrewarded stimulus (NS), were presented on a variable interval schedule with an average interval of 30 s. Pressing one of the two levers (designated the active lever, randomly chosen across rats) during DS presentation resulted in the delivery of 50 l of 10% sucrose into the reward receptacle and termination of the DS tone. Each DS lasted for up to 10 s, and each NS lasted 10 s. Responding on either lever during the NS or in the absence of the DS was never rewarded. The cues were either an intermittent 4 kHz tone (40 ms on and 50 ms off) or a siren tone (ramped from 4 to 8 kHz with a 400 ms period). Tones were randomly assigned to be the DS or the NS across rats.
Over the course of training, animals' responding to the DS increased, while NS responding and uncued lever pressing decreased. Surgeries were performed when the rats reached criterion performance of Ͼ80% DS response ratio and Ͻ20% NS response ratio (defined as the proportion of all DSs or NSs in the session to which the animal responded).
Surgeries
For the behavioral study, rats were bilaterally implanted with microinjection guide cannulae (27 gauge, Plastics One) in the NAc shell (AP ϩ1.6, ML Ϯ0.8, DV Ϫ6.0 mm relative to bregma) and NAc core (AP ϩ1.6, ML Ϯ2, and DV Ϫ6.0 mm).
For electrophysiological recordings, 2 arrays of 8 electrodes (NB Labs, 50 m stainless steel wires arranged in 2 rows of 4) were attached to a microdrive device that allowed the entire arrays to be lowered by 80 m increments. Target coordinates of the medioposterior electrode of each array were as follows: core, AP ϩ1.2, ML Ϯ2.0, and DV Ϫ6 to Ϫ8.5 mm; and shell, AP ϩ1.2, ML, Ϯ0.8, and DV Ϫ6 to Ϫ8.5 mm).
Animals were anesthetized with isoflurane (5%) and placed in a stereotaxic apparatus. Anesthesia was maintained with isoflurane (0.5-2.0%) during surgery. Microdrives were secured to the skull with bone screws and dental acrylic, and wire obturators were inserted into the guide cannulae; the ends of the obturators were flush with the ends of the guide cannulae. Rats were given at least 7 d of recovery before being retrained on the DS task and habituated to the handling procedures.
Microinjections
To block excitatory transmission in the NAc, we used a mixture of the AMPA and NMDA antagonists 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 2-amino-5-phosphonopentanoic acid (AP5), which inhibit NAc medium spiny neuron activity because these neurons require glutamatergic input to fire (Horne et al., 1990; Pennartz et al., 1991; Nicola et al., 1996; Nicola et al., 2000) . CNQX (4 mg/ml) and AP5 (8 mg/ml) were dissolved separately in 1 M NaOH. After adjusting the pH to 7.0 with 1 M HCl, the solutions were combined.
To inject animals, the obturators were removed and 30 gauge injector cannulae were inserted into the guides. Injectors extended 1.5 mm below the tip of the cannula. A 0.5 l volume of CSF or the mixture CNQX/AP5 (1 and 2 g, respectively) was injected over 2 min. After a 1 min postinjection period, the injectors were gently removed, the obturators were replaced, the animal was immediately placed into the behavioral chamber, and the behavioral session began. CSF and the mixture CNQX/AP5 were injected on different days (with at least one intervening day with no injection), in random order, in the same animals.
Electrophysiology
Electrophysiological recording was conducted as described previously Ambroggi et al., 2008) . Animals were connected to the recording apparatus (Plexon), which consisted of a headstage with operational amplifiers, a cable, and a commutator to allow the animal free movement within the chamber. Rats were run for 2 h daily sessions of the DS task. The microdrive carrying the electrode arrays was lowered by 80 or 160 m at the end of each session to get a new set of neurons every day.
Spike sorting. Isolation of individual units was performed offline with Offline Sorter (Plexon) using principal component analysis. Only units with well defined waveforms were included in this study. Interspike interval distribution, cross-correlograms, and autocorrelograms were used to ensure that single units were isolated. Additionally, only units in which waveform characteristics were constant over the entire recording session were included in this study.
Determination of the optimal bin size. The size of the bins greatly influences the information contained in peristimulus time histograms (PSTHs). On one hand, the bin size should be sufficiently small to provide the temporal resolution needed to detect brief changes in the firing. On the other hand, the degree of firing noise limits the smallest possible bin size that maintains a minimum signal-to-noise ratio. Larger bin sizes reduce the noise variance by averaging the firing over time. Therefore choosing the optimal bin size is a trade-off between temporal accuracy (gained with smaller bin sizes) and the amount of noise (reduced for larger bin sizes) in the firing rate measure. We developed a method to find the optimal bin size for each neuron by using the Akaike information criterion (AIC), defined as follows:
where
Here (t,1) represents the firing rate estimate with the smallest bin size considered (here 10 ms) and (t,⌬) is the firing rate estimate with a larger bin size equal to ⌬. P is an integer representing the number of bins used for the PSTH when the bin size is equal to ⌬ and T is the maximum of number of bins used when the smallest bin size is chosen. The sum of the squared error (SSE) is minimized when ⌬ approaches 1, in which case the number of parameters P is equal to T. However, because AIC includes a term that penalizes large parameter numbers, AIC in most cases is minimized at intermediate bin sizes that result in lower numbers of parameters compared to T. This is not accidental, as very small bin sizes can result in overfitting the data and are not necessarily optimal. This can be verified by large AIC costs associated with very small bin sizes (usually Ͻ40 ms). Because the optimal bin size is usually rather large for most neurons (ϳ0.1-1 s), and because the AIC commonly shows a fast reduction over small bin sizes followed by slow changes around the optimal bin size, we also made PSTHs using the smallest possible bin size that showed less than a 10% change from the optimal AIC value. This bin size is referred to as the deflection point bin size and was on average 60 ms across our neuronal population. Response detection. PSTHs constructed around the behavioral events, with the optimal bin size, were used to detect excitations and inhibitions and the time at which they occurred. The 10 s period before cue onset was used as a baseline period. Excitation and inhibition to each event was determined by the presence of at least one bin above (for excitations) or below (for inhibitions) the 99% confidence interval of the baseline during the analysis window for each event. Each unit was assigned, based on its firing pattern, to at least one of the subsets of neurons exhibiting the response types. Onset detection was performed using a telescopic approach. We selected the first significant bin using the optimal size and searched within this time window for the first bin using the deflection point bin size that was beyond 99% confidence interval of the baseline made with this new bin size. If found, we then repeated the search within this deflection point bin, for the first 10 ms bin that was beyond 99% confidence of the baseline made with 10 ms bin size. With this method, the onset is defined by the highest valid resolution for each PSTH. Response duration was computed by finding the first bin after the detected onset that fell into the 99% confidence interval of the baseline based on the optimal bin size only. The choice of different strategies used for onset and duration detection was based on our observation that the telescopic approach and the optimal bin size tend to be more accurate for onset and duration estimation, respectively. For some neurons, the response types, onsets, and durations were also visually inspected afterward to ensure accuracy.
Deconvolution. We have shown previously that PSTHs made for temporally close events do not allow one to accurately account for the neuronal responses to each individual event. We have developed and validated an iterative deconvolution methodology that can parse out the neuronal responses of each individual event from the PSTHs (Ghazizadeh et al., 2010) . During DS trials, four events usually happen within a short period of time, namely, DS, lever press, receptacle entry, and receptacle exit. PSTHs made for each of the events can potentially be distorted due to the presence of the other events that are correlated with it in time. This can specifically pose a problem for comparing the DS to the NS firing, which is not normally followed by other events. For each neuron, we deconvolved single-event responses by using the maximum number of iterations that had a cross-validation error lower than the PSTHs (average iteration of 4.95 for the entire dataset) (Ghazizadeh et al., 2010) . Therefore, instead of the PSTHs, we used, when appropriate, deconvolved responses to report the average activity. The area under the curve (AUC, integrated from response onset to offset) and the peak were obtained from the deconvolved responses and used for statistical comparisons.
Data transformation and plotting. Color-coded maps were constructed with optimal bins and average PSTHs across neurons were constructed with the deflection point bins. Before averaging, the firing rate of each neuron during each bin was transformed to a Z-score: (F i Ϫ F mean) /F sd where F i is the firing rate of the ith bin of the PSTH, and F mean and F sd are, respectively, the mean and the SD of the firing rate during the 10 s preceding cue onset.
Histology
Animals were deeply anesthetized with pentobarbital and perfused intracardially with saline and 4% formalin (plus 3% ferrocyanide for rats with electrode arrays). Brains were removed, sectioned (40 m), and stained for Nissl substance to locate injection or recording sites (labeled by passing a DC current through each electrode before perfusion).
Statistical analysis
t tests or ANOVAs followed by Newman-Keuls post hoc tests were used when appropriate. A permutation test was used to compare proportions. All results were considered significant at p Ͻ 0.05.
Results
All rats in this study were trained on the DS task (Fig. 1 A) . One of two auditory cues, the rewarded DS and the NS, was randomly presented on average every 30 s. During a DS presentation, rats pressed the active lever, which turned off the auditory cue and delivered the reward. They then quickly entered the reward receptacle to retrieve the reward. After consumption of the sucrose reward, rats would exit the reward receptacle to await the next cue presentation. During the intertrial interval and following the NS, rats also intermittently pressed the active and inactive levers or entered the reward receptacle, despite the fact that those actions were not rewarded.
Pharmacological inactivation of the NAc core and shell
Two groups of animals with guide cannulae in either the NAc core or shell ( Fig. 1 B, C) received microinjections of CSF and a mixture of glutamate antagonists CNQX/AP5 (1 and 2 g, respectively, in 0.5 l) on separate days.
Incentive-cue responding
The DS response ratio (defined as the proportion of DSs the animals responded to), the number of rewarded active lever presses and the latency to lever press after DS presentation are related to the strength of the incentive cue (the DS) to promote behavior to obtain the reward. All measures were significantly affected by the injections (Fig. 2 A-C) (two-way ANOVAs, structure F (1, 17) Ͼ 6.7, p Ͻ 0.02, injection F (1, 17) Ͼ 39, p Ͻ 0.001, structure ϫ injection F (1, 17) Ͼ 22, p Ͻ 0.001 for all variables). Inactivation of the NAc core but not the shell significantly reduced the DS ratio (Fig. 2 A) (Newman-Keuls, p Ͻ 0.001) and increased the latency to lever press after DS (Fig. 2 B) (NewmanKeuls, p Ͻ 0.001).
Disinhibition of active lever presses
The above results demonstrate that the NAc core but not shell is required for incentive-cue responding. In contrast, both NAc core and shell inactivation produced significant behavioral disinhibition. The NS ratio was increased following inactivation but did not depend on the structure (Fig. 2 A) (two-way ANOVA, structure F (1, 17) structure ϫ injection F (1, 17) ϭ 0.7, p ϭ 0.4). Similarly, the number of unrewarded (active) lever presses (those occurring outside the DS presentations) was also increased after inactivation of either structure (Fig. 2C ) (two-way ANOVA structure F (1, 17) 
The fact that unrewarded active lever presses were increased after NAc inactivation raises the question of the temporal specificity of the increase during the NS. Do rats press the active lever in response to the NS or is the NS ratio increase primarily due to a nonspecific general increase in lever pressing? To address this question, we analyzed the frequency of lever pressing during different time windows (Fig. 3A) : during the intertrial interval (spontaneous), during the DS, during the NS, and in the 10 s after the rats consumed the reward and exited the receptacle (postreward). The injections affected the frequency of active lever presses differently (Fig. 3B ) (three-way ANOVA, structure F (1, 68) ϭ 12.8, p ϭ 0.001, injection F (1, 68) ϭ 3.7, p ϭ 0.06, window F (3,68) ϭ 211, p Ͻ 0.001, structure ϫ injection ϫ window F (3,68) ϭ 7.2, p Ͻ 0.001). NAc core inactivation reduced lever pressing during the DS but did not significantly increase lever pressing in the spontaneous or NS windows. Compared to CSF injection, inactivation of the core increased lever pressing immediately after collection of the reward (postreward window) to a greater degree than in the spontaneous window. NAc shell inactivation had greater disinhibitory effects: active lever pressing was increased during the spontaneous, NS, and postreward windows. Furthermore, the increase in active lever pressing in these two latter time windows was stronger than that during the spontaneous window. This shows that the increase in NS ratio caused by shell inactivation is the combination of a general increase in lever pressing and the removal of a temporally specific NS-driven inhibition of responding.
Because the disinhibitory effect of shell inactivation consisted, in part, of a specific increase in responding during the NS coupled with no effect on DS responding, one possibility is that shell inactivation reduces animals' ability to discriminate between the two cues. However, animals clearly continued to discriminate DS from NS after shell inactivation, as they responded to 80% of DSs and only 20% of NSs (Fig. 2 A) . Furthermore, shell inactivation increases responding in the absence of cues (Figs. 2C, 3B) . These results are more consistent with a contribution of the NAc shell to response inhibition than to cue discrimination.
Disinhibition of inactive lever presses
Inactivation of the NAc also increased the number of presses on the inactive lever (Fig. 2C ) (two-way ANOVA, structure F (1, 17) ϭ 0.8, p ϭ 0.4, injection F (1, 17) ϭ 25, p Ͻ 0.001, structure ϫ injection F (1,17) ϭ 5.12, p ϭ 0.03). NAc shell inactivation significantly increased inactive lever presses (Newman-Keuls p Ͻ 0.001), whereas NAc core inactivation produced a nonsignificant trend toward an increase (Newman-Keuls, p ϭ 0.06).
When analyzed in different time windows, the number of presses on the inactive lever after NAc inactivation showed an injection effect and a structure ϫ injection effect (Fig. 3C ) (three-way ANOVA, structure F (1,68) ϭ 1.5, p ϭ 0.2, injection F (1, 68) ϭ 35, p Ͻ 0.001, window F (3,68) ϭ 1.1, p ϭ 0.4, structure ϫ injection ϫ window F (3,68) ϭ 0.4, p ϭ 0.7). The increase in inactive lever pressing is stronger for shell than core inactivation (Newman-Keuls on structure ϫ injection interaction effect, p ϭ 0.01). However, in contrast to active lever presses, we found no time window effect. This indicates that the disinhibition of inactive lever presses is independent of discrete cues or reward receipt; i.e., that there is no temporally specific relation of NAc-mediated inhibition of inactive lever pressing to any specific component of the task.
Reward receptacle entries
The total number of receptacle entries was affected by inactivations (Fig. 2 D) (two-way ANOVA, structure F (1, 17) Ͻ 0.1, p ϭ 0.9, injection F (1, 17) ϭ 13, p ϭ 0.002, structure ϫ injection F (1, 17) ϭ 10.5, p Ͻ 0.005) with a reduction after NAc core (Newman-Keuls, p Ͻ 0.001) but not shell inactivation (Newman-Keuls, p Ͼ 0.05). Because the number of receptacle entries is more than five times larger than the number of rewards earned (compare Fig. 2C,D) , the prominent reduction of entries after NAc core inactivation cannot be due solely to reduced DS responding, but also reflects lower motivation to check the reward receptacle in the absence of cues.
Electrophysiological activity of NAc core and shell neurons
We recorded 983 neurons located in the NAc of 12 rats (Table 1) during the DS task in Ͼ166 sessions. After exclusion of neurons with a very low baseline firing rate (Ͻ0.03 Hz), 456 and 484 neurons located, respectively, in the NAc core and shell remained in our sample for further analysis (Fig. 4) . A small proportion of the neurons (n ϭ 44) (Fig. 4 , dark gray dots) was located in a boundary area where the NAc shell and the ventral pallidum were indistinguishable either anatomically or electrophysiologically. Excluding neurons located in this area had no impact on the significance of the effects reported below (data not shown). Therefore, since many of these neurons were probably shell neurons, we performed all our analyses on the entire shell dataset.
Behaviorally, rats responded more and faster to the DS than to the NS (DS ratio 84 Ϯ 0.7%, NS ratio 5.1 Ϯ 0.4%, p Ͻ Ͻ 0.001; DS latency 2.9 Ϯ 0.05 s, NS latency 4.1 Ϯ 0.16 s, p Ͻ Ͻ 0.001). The basal firing rate in the NAc core and shell was similar (3.56 Ϯ 0.24 and 3.65 Ϯ 0.34 Hz, respectively, t (938) ϭ 0.21, p ϭ 0.83). As previously shown in the DS task, different but overlapping subpopulations of NAc neurons respond to cues, operant actions, reward consumption, and exit of the reward receptacle . Here, we examine the distributions of each of these firing responses across NAc core and shell neurons.
Cue-related responses in NAc neurons
We found cue-related responses in both the core and the shell. However, DS excitations were more frequent in NAc core than shell (permutation test, p Ͻ 0.007) (Fig. 5A) . This difference was not seen for NS excitations (permutation test, p Ͼ 0.3). Neurons with cue-evoked inhibitions were equally common in the NAc core and shell (permutation tests, p Ͼ 0.26). For both DS and NS neuronal responses, onset latencies depended on the type of response (excitation/inhibition) and the structure (Fig. 5B ) (twoway ANOVA, for DS structure F (1, 286) ϭ 0.35, p ϭ 0.55, response type F (1, 286) ϭ 21.7, p Ͻ 0.001, structure ϫ response type F (1, 286) ϭ 4.65, p ϭ 0.03; for NS, structure F (1, 56) ϭ 4.82, p ϭ 0.03, response type F (1, 56) ϭ 16.56, p ϭ 0.002, structure ϫ response type F (1, 56) ϭ 5.28, p ϭ 0.03). The onset latencies for both DS and NS excitations did not differ between core and shell (Newman-Keuls p Ͼ 0.27). Cue-evoked inhibitions however, had longer latencies in shell than core (for DS and NS, NewmanKeuls p Ͻ 0.05). Analysis of the duration of DS responses revealed a main effect of response type (F (1, 286) ϭ 14.5, p Ͻ 0.005 and a structure ϫ response type interaction (F (1, 286) ϭ 9.2, p Ͻ 0.005). Notably, DS inhibitions in the NAc core were significantly longer than all the other response types (Newman-Keuls p Ͻ 0.005). Indeed, some NAc core neurons were inhibited for Ͼ10 s (Fig.  5C ). In contrast, in the shell, the duration of inhibitions and excitations was similar (Newman-Keuls p ϭ 0.58). Importantly, rats pressed the lever an average of 2.9 Ϯ 0.05 s after the DS was presented (Fig. 4A ). This implies that many inhibitions in the core encompassed the lever press and reward consumption. This effect contrasts with the durations of other DS response types that usually terminated before or around the time of lever press. We then sorted the neurons according to whether they responded to one of the cues or both (Fig. 6A,B) . Interestingly, despite similar proportions of NS excited neurons, the overlap between DS and NS excitations was larger in the NAc core than in the shell (permutation test, p Ͻ 0.05).
The fact that some neuronal responses span multiple task events is a potential confound for analyzing event-related neu- ral responses. This is particularly true for responses to cues followed at short latency by actions. For example, most DSs were rapidly followed by a lever press, while NSs typically were not. A different firing pattern following either DS or NS could therefore be primarily related to lever press. We recently developed an analysis method for parsing the firing related to multiple sequential events. The procedure uses the natural variability in time between events to separate the firing that could be related to either or both events and thereby isolate the firing relative to a single event (Ghazizadeh et al., 2010) . We applied this method to three events: DS, lever press, and reward receptacle exit. Because reward receptacle entry occurred at relatively constant latencies after lever presses Nicola, 2010) , we did not include reward receptacle entry in our analysis. The lever press related responses studied below could therefore be also related to receptacle entry. Analysis of the neuronal population responsive only to the DS (Fig. 6C-F, top row) revealed that excitations and inhibitions were larger in the NAc core than in the shell (Fig. 6 E, F , top row) (excitations t (114) Ͻ Ϫ2.0, p Ͻ 0.05 for both AUC and peak; inhibition t (132) ϭ Ϫ2.4, p Ͻ 0.05 for AUC and t (132) ϭ Ϫ0.7, p ϭ 0.47 for peak). For the population of neurons excited by both cues, deconvolved DS (DSd) responses were considerably larger than NS responses in both the core and the shell (Fig. 6C -E, middle row) (two-way ANOVA, cue F (1, 25) Ͼ 4.2, p Ͻ 0.05, structure F (1, 25) Ͼ 0.52, p Ͼ 0.47, cue ϫ structure interaction F (1, 25) Ͻ 0.51, p Ͼ 0.48 for both AUC and peak). We found no significant effect for inhibitions (two-way ANOVA, F (1, 6) Ͻ 4, p Ͼ 0.09). The subpopulation of neurons responsive only to NS had small responses similar in core and shell (Fig. 6C-F , bottom row) (excitations t (10) Ͻ Ϫ0.64, p Ͼ 0.47 for both AUC and peak; inhibition t (6) Ͻ 0.61, p Ͼ 0.56 for both AUC and peak) with less defined peaks. Excitation peaks appeared at considerably longer latencies than the other cue-related responses (excitations: 550 and 460 ms for NS responses of NAc core and shell, respectively, compared to 120 ms for all other cue responses in DS-only and DS/NS responsive neurons, p Ͼ 0.05).
Overall, these results show that the DS is more robustly represented in NAc core than shell neuronal populations. Indeed, the proportion of DS excitations and the magnitude of both DS excitations and DS inhibitions are larger in the NAc core for neurons responding only to the DS. Notably, this is not the case for neurons coexcited by DS and NS; however, these neurons constitute a considerably smaller population than those responsive to DS only. Although the proportion of NS responding neurons is similar in core and shell, more shell neurons respond selectively to the NS.
NAc neuronal correlates of rewarded lever-press responses
We then analyzed phasic responses occurring around rewarded active lever presses (Fig. 7 , see Materials and Methods). Neurons inhibited during the lever press were more frequently found in the NAc shell than the core (Fig. 7A ) (permutation test, p ϭ 0.027). Onset latencies of excitations and inhibitions were similar across structures (Fig. 7B ) (two-way ANOVA structure F (1, 188) Ͻ 0.1, p ϭ 0.8, response type F (1, 188) ϭ 0.1, p ϭ 0.7, structure ϫ response type F (1, 188) Ͻ 0.1, p ϭ 0.8). Excitations were stronger in the NAc core than in the shell (Fig. 7C-H ) (AUC, t (74) ϭ 4.47, p Ͻ 0.001 and peak t (74) ϭ 3.31, p Ͻ 0.005), but inhibitions were similar (AUC, t (114) ϭ 0.69, p ϭ 0.49 and peak t (114) ϭ 0.94, p ϭ 0.94). In conclusion, there is a reciprocal pattern of dominant neuronal representation of rewarded lever presses in the NAc core and shell: stronger magnitude of excitations in the core but more frequent inhibitions in the shell.
NAc responses to reward consumption
Previous studies show that many NAc neurons respond during reward consumption Roitman et al., 2005; Taha and Fields, 2005; Krause et al., 2010) , although whether their firing changes encode reward valence or promote responding for reward has been debated (Roitman et al., 2005; Taha and Fields, 2005; Krause et al., 2010) . Both NAc core and shell neurons were more often inhibited than excited during reward consumption (permutation test, p Ͻ 0.01 for both core and shell) . Neuronal responses to rewarded lever presses. A, Percentage of excitation and inhibition in response to the lever press in the core and the shell. B, Cumulative percentage of onset latency of lever press-related responses. C, D, Normalized and color-coded PSTHs aligned to the lever press for core (C) and shell (D). Each line represents the PSTH of a single neuron. LP-excited neurons are displayed at the top and LP-inhibited neurons at the bottom. Within each category, neurons are sorted by response durations (shorter responses at the top for excitations and at the bottom for inhibitions). E, F, Average lever-press responses for core (E) and shell (F ) neurons. G, H, Peak (G) and AUC (H ) of lever-press responses. ***p Ͻ 0.01 compared to core.
( Fig. 8 A) . Inhibitions in the NAc core during reward consumption were far more frequent than in the shell (permutation test, p Ͻ 0.001) (Fig. 8 A, C,D) . Although inhibitions in the core did not last significantly longer than in the shell (Fig. 8 B-D) (twoway ANOVA structure F (1, 325) ϭ 2.2, p ϭ 0.14, response type F (1, 325) ϭ 3.2, p ϭ 0.07, structure ϫ response type F (1, 325) ϭ 2.4, p ϭ 0.12), they had a larger AUC (t (234) ϭ 2.3, p ϭ 0.02) (Fig.  8 E-G) . These strong inhibitions in the core are reminiscent of the long-lasting inhibitions found after DS presentation (Figs. 5B,C, 6 ).
Excitations in the NAc core displayed a trend toward a significantly greater firing rate increase relative to the shell (t (91) ϭ 1.8, p ϭ 0.07).
NAc responses to reward receptacle exit
Consistent with previous reports , NAc neurons respond to the exit of the reward receptacle. NAc core neurons were more often excited by receptacle exit (permutation test, p Ͻ 0.05) (Fig. 9 A, C,D) . Response onset latency depended on the structure and the response direction ( Reward receptacle exit-excited neurons are displayed at the top and reward receptacle exitinhibited neurons at the bottom. Within each category, neurons are sorted by response durations (shorter responses at the top for excitations and at the bottom for inhibitions). E, F, Average receptacle-exit responses for core (E) and shell (F ) neurons. G, H, Peak (G) and AUC (H ) of receptacle-exit responses. ***p Ͻ 0.01 compared to core.
2004), has been implicated in extinction (Peters et al., 2008) , and its inactivation induces behavioral disinhibition in the DS task (Ishikawa et al., 2008a) . Therefore, activity related to action suppression in shell neurons may depend on ventral PFC inputs. Further experiments are needed to test this hypothesis.
Role of excitations versus inhibitions in promoting and stopping behavior
A critical unanswered question is whether excitation or inhibition of NAc neurons promotes or suppresses behavior. Because initial studies in primates did not report inhibitions in the striatum (Bowman et al., 1996; Hassani et al., 2001; Cromwell and Schultz, 2003) , most of the theories of the function of the ventral and dorsal striatum are related to excitations (Hikosaka, 2007; Nicola, 2007; Humphries and Prescott, 2010) . However, studies from this laboratory in rodents have shown that NAc neuronal inhibitions are prevalent in several appetitive behaviors Taha and Fields, 2006; Krause et al., 2010) . The long-lasting inhibitions, such as those reported here in the core, have been proposed to permit (gate) goal-directed behaviors. This hypothesis states that a subpopulation of NAc neurons tonically suppresses behavior and that their inhibition is necessary for a behavior to occur (Taha and Fields, 2006; Krause et al., 2010) . The fact that these inhibitions are more widespread and longer lasting in the core might appear to contradict the stronger behavioral suppression exerted by the shell in this and other paradigms (Kelley and Swanson, 1997; Stratford and Kelley, 1997; Peciña and Berridge, 2000; Reynolds and Berridge, 2002) . However, electrical stimulation of both NAc core and shell produces powerful inhibition of sucrose licking (Krause et al., 2010) . Furthermore, inhibitions (or excitations) in the core and shell could have opposing effects on behavior. Selective manipulation of excited and inhibited neurons will be required to determine their specific behavioral roles.
Conclusion
The NAc core and shell make distinct contributions to the DS task. Our recordings revealed that while the two regions differed in the proportions of neurons with different firing patterns, which could partly explain their different contributions, no phasic event-related firing pattern was unique to either core or shell neurons. This raises the possibility that neurons with similar firing patterns in core and shell have different behavioral actions that depend on their distinct projection targets.
